The growth of silicon films via chemical vapor deposition (CVD) is of considerable importance in the microelectronics and photovoltaics industries. This process often involves the thermal decomposition of silane, which is achieved by heating the wafer or rod to be coated to a suitable temperature. A wide range of geometries and conditions are employed. For example, low-pressure chemical vapor deposition (LPCVD), at pressures around 1 Torr (133 Pa), is used with a stagnation-point flow geometry to deposit thin films of silicon in the fabrication of integrated circuits, while cylindrical polysilicon rods are grown on a heated filament using atmospheric-pressure CVD (APCVD).
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(iv) ring opening (and its reverse, ring formation by intramolecular insertion); and (v) silylene-to-silene isomerization. These five reaction classes are shown as Reactions 12 through 16 in Table I . Each reaction type is applied to all of the appropriate species from Fig. 1 , yielding the number of reactions of each type indicated in Table I .
The first four of these reaction types all involve, in their reverse direction, silylene insertions into Si-H bonds or H 2 . A number of studies, reviewed in more detail in Swihart and Girshick, 4 indicate that these insertions are barrierless. Insertion reactions of SiH 2 with H 2 , SiH 4 , Si 2 H 6 , and Si 3 H 8 have been studied experimentally, and all have small negative activation energies and rate parameters close to the collision rate (in the high pressure limit) indicating that they are barrierless processes. 7 The forward reactions (i.e., silylene eliminations) are thus expected to have activation energies approximately equal to the enthalpy of reaction. This has been confirmed by experimental [8] [9] [10] [11] [12] and theoretical [12] [13] [14] [15] [16] studies of the thermal decomposition of SiH 4 , Si 2 H 6 , Si 3 H 8 , and Si 4 H 10 . We have taken the activation energies for these reactions to be independent of temperature and equal to the corresponding heats of reaction at 1000 K. For all reactions of this type we assumed a pre-exponential factor of 2 ϫ 10 15 s Ϫ1 , based on the known values for decomposition of the small compounds that have been studied experimentally. For Reactions 1 through 5 in Table I , the high pressure pre-exponential factors at 1000 K are 1.6 ϫ 10 15 s Ϫ1 , 2.3 ϫ 10 15 s Ϫ1 , 2.3 ϫ 10 15 s Ϫ1 , 7.0 ϫ 10 15 s Ϫ1 , and 3.4 ϫ 10 15 s Ϫ1 , respectively. All these reactions proceed through similar three-centered transition states, and the value of the pre-exponential factor is essentially determined by the difference in structure between the reactant and the transition state. 17 We expect that the actual pre-exponential factor for individual reactions would range from about a factor of five larger (for particularly loose transition states) to a factor of five smaller (for particularly tight transition states) than our estimate of 2 ϫ 10 15 . However, variations outside that range would require that the reaction go through a transition state structure that is substantially different from that of the smaller molecules, and there is no reason to expect such a change in reactivity. For all silylene-to-silene isomerizations we have assumed a forward rate coefficient with a pre-exponential factor of 10 13 s Ϫ1 and an activation energy of 7.5 kcal/mol (31.4 kJ/mol), based on an ab initio electronic structure calculation for Si 2 H 4 B isomerization to Si 2 H 4 A. 18 Little is known experimentally about these reactions, however, at temperatures high enough for silane pyrolysis to occur these isomerization reactions are much faster than any other reactions in our mechanism. Because of this, they are near equilibrium in all of our simulations, and our results are insensitive to the selection of rate parameters for them. Our results are somewhat sensitive to the thermochemical properties of these species, since these determine the relative concentrations of the isomers at equilibrium.
Rate constants for all reverse reactions were calculated as the ratio of the forward rate constant to the equilibrium constant. The temperature-dependent heats of reaction and entropies of reaction, obtained from the thermochemical properties calculated as discussed below, were used in calculating the equilibrium constants.
We estimated the standard enthalpies of formation, standard entropies, and heat capacities of the compounds shown in Fig. 1 by Figure 1 . Silicon hydrides in mechanism. Compounds without a suffix are fully saturated silanes. Silenes are denoted with an "A" suffix, silylenes with a "B" suffix.
S0013-4651(00)02-051-6 CCC: $7.00 © The Electrochemical Society, Inc. A, for which the prediction is 0.5 kcal/mol above the upper error limit of the experimental value. In the group additivity scheme, twenty-six groups were defined, and values for the enthalpy of formation at standard conditions, the standard entropy and the heat capacity at 300, 400, 500, 600, 800, 1000, and 1500 K for each of these groups were determined by a linear least-squares fit to the Katzer et al. data. For a given molecule, each of these properties is the sum of contributions of the groups that comprise it. Detailed descriptions of this kind of group additivity scheme and its application to hydrocarbons are given by Benson 17 and by Ritter and Bozzelli. 20 Given the enthalpy of formation, standard entropy, and temperature-dependent heat capacity for an ideal gas, one can obtain the enthalpy, entropy, and all other thermodynamic quantities at any desired temperature and pressure (within the temperature range for which the heat capacity is known). The group additivity approach was checked by conducting ab initio electronic structure calculations of eight compounds containing 6-10 silicon atoms at a moderately high level of theory that, in other benchmark tests, predicts heats of formation to within an average absolute deviation of 1.7 kcal/mol. 21 The thermodynamic property data base thus developed was used to estimate the enthalpies of reaction, which were used in the forward rate coefficients as described above, and the Gibbs free energies of reaction, which were used to determine all reverse rate coefficients via the equilibrium constant. Both the group additivity parameters and the resulting estimates of species properties are tabulated in Swihart and Girshick. 4 Thermodynamic properties for all species in the mechanism were expressed in terms of polynomial coefficients b in the standard NASA format used by the CHEMKIN family of codes. 22 Swihart and Girshick 4 also considered, as a parallel reaction path, self-nucleation of silicon particles via a pure silicon clustering pathway, that is, through reactions of the form Si n ϩ Si } Si nϩ1 . However, for all of the conditions they considered) which correspond to the conditions considered here), it was found that the pure silicon clustering pathway made a negligible contribution to particle formation. Therefore, the simulations presented here neglect this reaction path. However, we expect this route to be more important under higher temperature conditions, for example, as might occur in thermal plasmas or in laser-induced pyrolysis, where silicon particles may nucleate at temperatures exceeding 2000 K. 23 Such conditions favor high concentrations of silicon vapor and hydrogen elimination from silicon hydrides, both of which would increase the importance of pure silicon clustering.
The version of the mechanism utilized here considers approximately 100 species, containing up to ten silicon atoms, undergoing approximately 400 reversible reactions. (Slightly different versions were run for the two different pressure regimes for which the numerical simulations presented below were conducted.) In addition we include irreversible reactions, assumed to occur at the gas kinetic rate, that produce compounds having more than ten silicon atoms. In Swihart and Girshick 4 all such possible reactions were included, for a total of 2614 reactions, which thus produced compounds having 11-20 silicon atoms. In the present work we include only those reactions that produce compounds having 11-13 silicon atoms, thereby reducing the total number of reactions to approximately 1000. This produced a negligible change in the results while greatly decreasing the computational effort required to implement the models.
It should be emphasized that the truncation of our reversible reaction mechanism at size ten is arbitrary. We expect that relatively stable silicon hydrides exist at larger sizes, and that these compounds would, under many conditions, represent bottlenecks to nucleation. For example, we found that the particle nucleation rates predicted by the mechanism truncated at size ten were typically about three orders of magnitude lower than those predicted when we truncated at size five. Thus we expect, within the assumptions and inherent uncertainties of our mechanism, that the nucleation rate is in general overpredicted. Nevertheless, it is reasonable to expect that those conditions that increase or decrease the production rate of compounds having more than ten silicon atoms would have a corresponding effect on the production rate of compounds having, say, more than 20 silicon atoms. Thus the predicted nucleation rates are expected to show qualitative trends, and to represent an approximate upper bound on the true nucleation rate.
Aerosol dynamics model.-The gas-phase kinetics model described above was self-consistently coupled to an aerosol dynamics model. That is, the rate of production of compounds containing more than ten silicon atoms was taken as a particle source term in the aerosol dynamics model, and particle growth by surface chemical reactions was calculated using species concentrations determined by the gas-phase model. Conversely, the gas-phase model accounted for species depletion due to particle nucleation and growth.
Aerosol dynamics were modeled using a moment-type formulation, which casts the aerosol general dynamics equation into separate equations for the first few moments of the particle size distribution S0013-4651(00)02-051-6 CCC: $7.00 © The Electrochemical Society, Inc.
function. [24] [25] [26] [27] [28] [29] [30] The moment approach offers a computationally efficient means of simulating aerosol dynamics, which is particularly desirable given the complexity of our chemical clustering mechanism.
Let M k represent the kth moment of the size distribution, defined by [1] where p is particle volume and n( p ) is the particle size distribution function. Thus, the zeroth moment represents the total particle concentration, the first moment equals the particle volume fraction (volume of particles per unit volume of gas), and the ratio M 1 /M 0 equals the number-mean particle volume.
In terms of the effects pertinent to the conditions considered in this work, the aerosol general dynamic equation in moment formulation can be written as [2] where g is gas density, u is bulk fluid velocity, and the terms on the right side represent rates of change of the kth moment due, respectively, to nucleation, growth by surface reactions, coagulation, and transport by Brownian diffusion and thermophoresis.
We have adopted a similar moment formulation as described by Pratsinis and co-workers. [28] [29] [30] A closed set of equations for the moments of the size distribution is obtained by assuming that the distribution follows a lognormal form. In this formulation it suffices to solve Eq. 2 for just the first three moments of the size distribution, M 0 , M 1 , and M 2 . From this one obtains the main quantities of interest, including total particle concentration, mean particle size, and geometric standard deviation of the size distribution.
A new aspect of the present work is that whereas previous studies using moment-type models have assumed that particle growth occurred by condensation of supersaturated vapor, we treated particle growth as a chemical vapor deposition process. As noted in the previous section, self-clustering of silicon vapor was found to make only a negligible contribution to particle formation compared to chemical clustering of silicon hydrides. We similarly find that silicon vapor is predicted to exist in too small concentrations to make a significant contribution to particle growth. On the other hand, it is reasonable to suppose that a particle in our system can grow by the same kinetic mechanisms as a chemical vapor deposited film. Thus, for the term representing particle growth by surface reactions we use the silicon film growth mechanism presented in Ho et al., 5 which is also the mechanism we utilize for film growth on the substrate in the stagnation-point flow simulations presented below. That mechanism was developed specifically so that, together with their gas-phase reaction mechanism, a good fit was obtained to experimental data on silicon deposition rates in a CVD reactor. Use of this model for particle growth is probably reasonable (within the model's uncertainties) for particles once they are larger than a few nanometers in diameter, but is obviously an imperfect approximation when applied to particles as small as our "nuclei," which contain only 11-13 silicon atoms. Nevertheless, it seems preferable to employ a surface growth model at these small sizes rather than to neglect surface growth (and thus, to include only coagulation), as the conditions under which high rates of nucleation occur, namely, the existence of high concentrations of reactive species, are essentially the same as those under which one would expect significant growth by surface reactions.
In the simulations presented below for which the pressure is either 1 or 2 Torr the particles are much smaller than the mean free path for collisions in the gas, and the standard free molecule regime expressions are used for coagulation, diffusion, and thermophore-
sis. 31 For the simulations at 1 or 2 atm pressure, particles in some cases lie in the regime of transitional Knudsen number. These latter simulations, being zero-dimensional, did not involve particle transport, but did include coagulation, for which we used an interpolation formula for the transition regime, in which the coagulation coefficient is based on the harmonic average of the coagulation coefficients for the free molecule and continuum regimes. 29 
Numerical Simulations
We conducted two types of simulations. Zero-dimensional, timedependent simulations at fixed temperature and pressure were conducted, under conditions typical of silane pyrolysis around atmospheric pressure, starting at time zero with a dilute concentration of silane in hydrogen or helium. In addition we conducted stagnationpoint flow simulations, under conditions typical of LPCVD in a GEC reference cell. In these simulations a cold gas consisting of pure silane flows toward a heated substrate. Both the showerhead gas inlet and the substrate have a 10.16 cm diam, the distance from the inlet to the substrate is 6.8 cm, and the gas temperature at the inlet is in all cases set to 423 K.
Both types of simulations utilized the Chemkin family of codes, with the transient simulations using Senkin, 32 while the stagnationpoint flow simulations used the Spin code. 33 Computer run times ranged from ϳ5 min to a Silicon Graphics Origin 200, for the zerodimensional simulations, to ϳ15 h on a Silicon Graphics Origin 2000, for the stagnation-point flow simulations, though it should be pointed out that our code could undoubtedly be improved to take better advantage of parallel processing capabilities. Results In the zero-dimensional simulations, we examined the effects of temperature, pressure, initial silane concentration, and hydrogen vs. helium as carrier gas. Figures 2 and 3 show the predicted evolution of silicon hydride clustering for silane diluted in helium and hydrogen, respectively. In each case the conditions are fixed at a temperature and pressure of 1023 K, 1 atm, and the initial silane mole fraction is 1%. In these figures the concentrations of all species containing a given number of silicon atoms are added together. For example, the curve labeled "8" groups together all 16 species in the mechanism containing eight silicon atoms. In both figures one observes a systematic progression in the rise of species containing increasing numbers of silicon atoms. However, it is observed that clustering is sharply suppressed in hydrogen compared to the case for helium, consistent with experimental observations in a study of atmospheric-pressure silane pyrolysis by Slootman and Parent. 34 The cause of suppression by hydrogen can be clearly understood with reference to the clustering mechanism, which includes many hydrogen elimination reactions, starting with SiH 4 ϭ SiH 2 ϩ H 2 . An increase in the Figure 2 . Predicted evolution of concentrations of species containing a given number n of silicon atoms, for 1% silane in helium at 1023 K, 1 atm. S0013-4651(00)02-051-6 CCC: $7.00 © The Electrochemical Society, Inc.
relative abundance of hydrogen drives these reactions in the reverse direction. Hydrogen is a by-product of the overall clustering process that converts SiH 4 to clusters that have lower hydrogen-to-silicon ratios than SiH 4 . Therefore, its use as a carrier gas suppresses the overall clustering process.
In helium the curves all peak shortly past 1 ms and then drop sharply. Two phenomena cause this drop. First, significant silane decomposition occurs at about 1 ms, and other species concentrations tend to scale on silane. Second, at around 1 ms particle nucleation becomes significant, and these particles become a sink for gasphase species due to surface reactions. In this case, virtually all the silicon in the system is converted to particles in less than 1 s. In hydrogen silane is only slightly decomposed even at 1 s, although some clustering does occur. The declines in the concentrations of the larger species at a few tenths of a second are due to their depletion by particle formation and growth. Figure 4 shows the predicted particle concentrations and particle sizes (geometric mean diam, hereafter referred to as the "median diam," as for a lognormal distribution it is equivalent to the numbermedian diam 35 ) for the same calculations as for Fig. 2 and 3 . In the helium case the particle concentration is predicted to peak at ϳ10 12 cm Ϫ3 shortly past 1 ms. The median diam at the time of peak concentration is about 5 nm. The peak in the particle concentration is associated with the quenching of nucleation due to species depletion, as is evident from Fig. 2 . Thereafter the particle concentration declines due to coagulation, with a corresponding rise in median diam, predicted to reach about 170 nm after 1 s.
The case of hydrogen carrier gas is again quite different, with significant particle production not predicted until a few milliseconds. The particle concentration in this case peaks around 5 ϫ 10 8 cm Ϫ3 at about 0.4 s, and then declines due to coagulation. The predicted median diam after 1 s in the hydrogen case equals 90 nm. The particle volume fraction (total particle volume per unit volume of gas) after 1 s is predicted for the hydrogen case to equal 12% of its value for the helium case.
These simulations predict particle production to be strongly temperature-dependent, again in accord with Slootman and Parent's experimental observations, 34 as shown in Fig. 5 , for the case of 1% silane in hydrogen at 1 atm. Around 1000 K an increase of only 50 K is predicted to produce both more particles and much larger particles, about 90 nm at 1 s in the 1023 K case compared to about 18 nm in the 973 K case. The difference in particle size is largely due to the effect of temperature on particle growth rates due to chemical vapor deposition on particle surfaces.
In contrast to the effect of temperature, total pressure is found to have rather little effect, at least in this pressure regime, see below, as seen in Fig. 6 , which compares simulations at 1 and 2 atm. In other words, doubling the initial silane partial pressure has little effect, if the ratio of silane to hydrogen is unchanged, whereas increasing the initial silane concentration, at fixed total pressure, has a large effect, Predicted effect of temperature on particle production for 1% silane in hydrogen at 1 atm. Figure 6 . Predicted effect of total pressure on particle production for 1% silane in hydrogen at 1023 K.
as seen in Fig. 7 . Note that as the initial silane concentration increases the predicted particle volume fraction after 1 s increases much more than linearly: an increase from 1 to 5% silane in hydrogen causes the predicted particle volume fraction to increase by a factor of 30.
All of the particle concentration curves in Fig. 4 -7 are observed to peak and then to decline, a consequence of coagulation. For the conditions examined, all of these curves, regardless of particle size, eventually reach remarkably similar values, which at one second are in the 10 8 -10 9 cm Ϫ3 range. The fact that the predicted particle concentrations for this large array of conditions converge is not a coincidence but is rather an expected result of coagulation. Coagulation rates are only weak functions of particle size but are proportional to the square of particle concentration. Thus, in the absence of new particle production or particle losses to walls, coagulation causes the particle concentration curves for these various cases to eventually converge, and thereafter to decline at about the same rate. For this system and for the range of conditions examined in Fig. 4-7, 1 s is predicted to be long enough to observe this effect. Figure 7 also shows that for sufficiently long times all of the particle concentration curves asymptotically approach N ϰ t Ϫ6/5 . This behavior is consistent with the predictions of self-preserving size distribution theory 36, 37 for an aerosol undergoing Brownian coagulation for particles in the free molecule regime, even though the median particle diameters at t ϭ 1 s are large enough to be well into the regime of transitional Knudsen number.
Results of the low pressure stagnation-point flow calculations, all for pure silane, are shown in Fig. 8-11 . Figure 8 shows the effect of substrate temperature on predicted spatial profiles of particle concentration and median diam, at 2 Torr pressure and a flow rate of 200 sccm. At 973 K the particle production is negligible, although the predicted concentration exceeds 10 8 cm Ϫ3 , the median diam is everywhere smaller than 1.3 nm. An increase in substrate temperature to 1013 K produces peak concentrations that are higher by two orders of magnitude, and median diam larger than 5 nm.
This result can be compared at least qualitatively to recent measurements 38 made using a particle beam mass spectrometer (PBMS) 39 of particles sampled from the exhaust line of an LPCVD reactor with the same geometry and operating conditions as in these simulations. The PBMS measures a "particle current" which is proportional to the product of the particle concentration and the number-mean particle diam. (The proportionality constant is a complicated function of the instrument. It should be noted that the lower detection limit of the PBMS is about 5 nm in particle diam.) Figure 9a shows the model predictions, for various substrate temperatures, of the product of the particle concentration with the median diam. Figure 9b shows a comparison of these predictions with the PBMS measurements. To make this comparison we integrated the profiles in Fig. 9a , to first order, the aerosol sampled from the exhaust line should correspond to the inte- Comparison of the integrated profiles in (a) with experimental measurements of particle current measured by Nijhawan 38 from the exhaust line for the same geometry and conditions. S0013-4651(00)02-051-6 CCC: $7.00 © The Electrochemical Society, Inc. grated reactor profile, and matched the peak of the predicted particle current (in arbitrary units) to the peak of the measurement (in pA). While this comparison is obviously not quantitative in terms of particle current, it is evident that the experimentally observed trend of particle formation vs. temperature is well predicted by the model, as is the quantitative value of the critical temperature for particle formation under these conditions. A more detailed discussion of these experiments and quantitative comparisons with the model predictions will be presented in a subsequent publication. Figure 10 shows the effect of varying the pressure from 1 to 2 Torr, for a substrate temperature of 1023 K and 200 sccm flow rate. In this case total pressure is seen to have a large effect, contrary to the result for the 1-2 atm pressure range seen in Fig. 6 . This result is again in accord with recent PBMS measurements 38 for the same conditions, which found significant particle concentrations at 2 Torr but no signals above noise level at 1 Torr.
The large pressure effect at low pressures is a chemical kinetic rather than a thermodynamic phenomenon. The overall particle formation process produces an increase in the number of moles of gasphase species as each mole of SiH 4 produces 2 mol of H 2 . From the thermodynamic viewpoint lower pressures should therefore favor particle formation. This contrasts with experimental observations and the predictions of this chemical kinetic model, which indicate that particle formation is either favored by increasing pressure (at low pressures) 38 or is insensitive to pressure (at high pressures). 40 That we find a large pressure effect at low pressure, but little effect at atmospheric pressure, is mainly attributable to the pressure dependence of unimolecular decomposition reactions. Of particular importance is the reaction of silane with silylene, which may follow either of two paths Because third-body stabilization of the activated complex is required for the reaction to proceed via Eq. 3, the branching ratio for this reaction pair is pressure-dependent. Based on the rate parameters for these reactions in Table I , together with the reaction equilibrium constants (in Table I these reactions are presented in the reverse direction), one can calculate this branching ratio for various conditions. At 1 atm and 1000 K, 85.4% of the reaction pair proceeds via Eq. 3. At 2 atm there is only a slight increase to 86.4%. In contrast, at 1 Torr and 1000 K only 9.6% of the reaction pair proceeds via Eq. 3, while at 2 Torr this figure almost doubles to 17.2%. (The rate constant for Eq. 3 almost perfectly doubles, as one would expect in the pressure falloff regime.) Thus, at low pressure the reaction given by Eq. 4 constitutes a major source of the silylsilylene radical, Si 2 H 4 B, which is highly reactive and plays an important role in cluster growth, and furthermore the branching ratio is rather sensitive to pressure. Around atmospheric pressure, in contrast, these reactions tend to produce disilane, which is relatively stable, and the branching ratio is insensitive to pressure. Hence the effect of total pressure on particle nucleation in the two regimes is found to be quite different.
Finally, Fig. 11 shows the effect of varying the silane flow rate. Convection transports particles toward the heated substrate, while thermophoresis pushes particles away. For sufficiently low flow rates thermophoresis dominates, producing larger particle concentrations near the inlet than near the substrate. These particles have a relatively long residence time, and thus grow to larger sizes. Summary A detailed model has been developed to describe particle nucleation during thermal decomposition of silane. This model includes detailed pyrolysis and clustering kinetics for a large number of silicon hydrides containing up to ten silicon atoms. The chemical clustering model has been coupled to an aerosol dynamics moment model. Zero-dimensional and stagnation-point flow simulations were conducted to examine the effects of carrier gas, temperature, pressure, silane concentration, and flow rate. The model predictions for the effects of these parameters are in good qualitative accord with previous experimental observations. A detailed comparison of the model predictions to recent experiments in an LPCVD system 38 will be presented in a subsequent publication. Predicted effect of flow rate on spatial profiles of particle concentration and size, for pure silane at 2 Torr and a substrate temperature of 1023 K.
